Density functional theory (DFT) calculations of various activators (ranging from transition metal ions, rare-earth ions, ns 2 ions, to self-trapped and dopant-bound excitons) in phosphors and scintillators are reviewed. As a single-particle ground-state theory, DFT calculations cannot reproduce the experimentally observed optical spectra, which involve transitions between multi-electronic states. However, DFT calculations can generally provide sufficiently accurate structural relaxation and distinguish different hybridization strengths between an activator and its ligands in different host compounds. This is important because the activator-ligand interaction often governs the trends in luminescence properties in phosphors and scintillators, which can be used to search for new materials. DFT calculations of the electronic structure of the host compound and the positions of the activator levels relative to the host band edges in scintillators are also important for finding optimal host-activator combinations for high light yields and fast scintillation response. Mn 4+ Luminescence of materials when excited by photons or ionizing radiation is the foundation for numerous technologies, such as energy efficient lighting (fluorescent lamps and white LEDs), laser, medical imaging, and nuclear materials detection.
Luminescence of materials when excited by photons or ionizing radiation is the foundation for numerous technologies, such as energy efficient lighting (fluorescent lamps and white LEDs), laser, medical imaging, and nuclear materials detection. [1] [2] [3] Efficient luminescence in semiconductors and insulators usually relies on the localization of excited electrons and holes at certain impurities, which act as luminescence centers (or activators). An activator can trap electrons and holes for efficient radiative recombination and is the essential component of a phosphor or scintillator material. The commonly used activators are typically multivalent ions, which can insert multiple electronic states inside the bandgap of the host material. 45 Good examples of the multivalent ions that can act as luminescent centers are rare-earth ions (e.g., Ce 3+ , Eu 2+ ), [6] [7] [8] [9] [10] [11] transition metal ions (e.g., Cr 3+ , Mn 4+ ), [12] [13] [14] [15] [16] [17] and ns 2 ions (ions with outer electron configuration of ns 2 , such as Tl + , Sn 2+ ). [18] [19] [20] Energy efficiency is critically important for phosphors used for lighting. To suppress the energy loss through nonradiative recombination, a phosphor is excited by directly exciting activators, not the host (see Fig. 1a ). The excitation energy is less than the bandgap energy of the host but is large enough to excite the activator. Since the excitation occurs locally at the activator, the chance for the excited activator to interact with nonradiative recombination centers, such as deep defects, is small. This is important for achieving high quantum efficiencies for phosphors. In scintillators used for detecting ionizing radiation, the radiation creates charge carriers in the valence and conduction bands of the host, which are subsequently trapped by activators, leading to radiative recombination (see Fig. 1b ). In scintillators, a portion of the charge carriers need to travel a certain distance before being trapped by the activators, which increases the probability of carrier trapping and recombination at defects. Hence, efficient carrier transport in scintillators is important for achieving a high light yield and fast scintillation response.
There is significant interest in finding new phosphors and scintillators for various applications. For example, new efficient red phosphors with suitable emission wavelengths are highly desirable for producing warm white light from LEDs; [21] [22] [23] 6, 14 scintillators with improved energy resolutions are sought for gamma-ray spectroscopy. 24 Theoretical calculations can be useful for searching for new materials and optimizing existing materials. The important material properties that need to be calculated may differ for different applications. For finding new phosphors for lighting applications, it is important to be able to calculate absorption and emission wavelengths of phosphors z E-mail: mhdu@ornl.gov accurately. The absorption wavelength must match the photon wavelength of the excitation source, e.g., mercury ion emission at 254 nm in fluorescence lamps, blue LED (∼450 nm) or near-UV (∼400 nm) radiation in LED lamps. The emission wavelength should match the spectral sensitivity of human eyes. For scintillators, the accurate determination of the emission wavelength is less important because the photo sensors (photo multiplying tubes or photo diodes), which detect the photons emitted by the scintillator, have wide spectral responses. It is more important to calculate the electronic structure of the host material and the activator levels relative to the valence and conduction band edges because these properties affect the light yield and the scintillation response. 4, 5, 25, 26 The host bandgap should be small enough to allow a high light yield while large enough to accommodate activator levels. Highly dispersive valence and conduction bands are also important for enabling efficient energy transport and fast scintillation response.
A predictive theory that can accurately calculate the optical absorption and emission spectra of a given material is highly desirable for phosphor research. To accurately calculate the optical transition energies between multi-electronic states, methods based on multielectronic wavefunctions should be used. Ab-initio embedded-cluster calculations 27, 28 have been performed to study optical transitions at activators in various phosphors and scintillators, such as Y 2 35 In Figure 1 . Schematic figures of excitation and emission in (a) a phosphor for fluorescent lighting and (b) a scintillator for radiation detection.
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such method, a small cluster containing the activator is treated by a multi-electron quantum mechanical method. The interaction between the cluster and its surrounding ions is modeled by ab initio model potentials. The rest of the crystal environment is simulated by a large number of point charges positioned at lattice sites. Good agreement between the calculated and measured transition energies and relative oscillator strengths has been reported for various systems. 30, 31, 34, 35 The calculation results can also assist the assignment of observed features in optical spectra to specific transitions between electronic states.
However, the state-of-the art quantum mechanical calculations still have significant errors and are too computationally demanding for practically screening a large number of potentially useful materials. The calculated and the measured transition energies differ by 0.1 eV to a few tens of eV. 30, 31, 34, 35 An error bar of such magnitude is still significant in optical spectroscopy. For example, the emission energy near 610 nm is desirable for a red-emitting phosphor used in fluorescent lamps. The responsivity of human cone cells decreases by more than 60% when going from 610 nm to 650 nm and nearly diminishes at 700 nm. 650 nm and 700 nm wavelengths differ from 610 nm by 0.125 eV and 0.262 eV, respectively, which are in the same magnitude with the error bar of the state-of-the-art quantum mechanical calculations. Therefore, the current quantum mechanical methods based on multi-electronic wavefunctions are still limited in its predictive power when evaluating the optical properties of new phosphors.
To increase the reliability of the predictions based on computational methods, it is helpful to establish useful chemical trends and acquire deep understanding of underlying physics that governs the optical properties of materials. For example, based on the spectroscopic properties of the Mn 4+ ion, Brik and Srivastava observed that the emission wavelength of Mn 4+ generally increases with the increasing covalency of the Mn-ligand bonds. 36, 37 Density functional theory (DFT) calculations of Mn 4+ emission in a large number of oxides and fluorides revealed the influence of the local structures to the activator-ligand hybridization strength and the emission energies. 38, 39 These insights are very useful for searching for new Mn 4+ -activated red phosphors. DFT 40, 41 has been extensively used in computational solid state physics. 42 DFT in conjunction with local density approximation (LDA) and generalized gradient approximation (GGA) have been shown to describe many ground-state material properties very well. 43 One drawback of LDA and GGA is that they typically underestimate the band gaps of semiconductors and consequently cannot reliably predict the impurity and defect induced electronic level positions within the bandgap. Hybrid density functional methods, [44] [45] [46] [47] which include a fraction of non-local Fock exchange, have been shown to be effective in improving the calculations of band gaps and the defect/impurity levels. [48] [49] [50] [51] [52] [53] [54] [55] [56] Although DFT is a ground-state single-particle theory, the lowest excited-state can be simulated by constraining the occupancies of the DFT eigenstates. For example, the electron configurations of the excited-state Ce 3+ and Tl + can be constrained to 4f 0 5d 1 and 6s 1 6p 1 , respectively. The absorption and emission energies, E abs and E em , are the vertical transition energies shown in Fig. 2 . Following FranckCondon principle, E abs is given by the total energy difference between the excited and the ground states both at the relaxed groundstate structure whereas E abs is calculated using the relaxed excitedstate structure. The calculated E abs and E em can be compared with the experimentally observed lowest-energy absorption and emission peaks. The calculated total energy difference between the relaxed excited-state and ground-state structures can be compared with the zero phonon line in optical spectra. Such approach has been applied to the calculation of the optical transition between the ground state and the lowest excited state of Tl + in NaI and Ce 3+ in Cs 2 LiYCl 6 .
4,57
Good agreement (within 0.1 eV to 0.4 eV) between the results of hybrid functional calculations and the experimental results has been found. 4, 55, 58 Although, as a single-particle theory, DFT cannot reproduce the detailed optical absorption and emission spectra involving transitions between the ground state and many multi-electronic excited states, the calculation of the emission energy due to the transition from the lowest excited state to the ground state is still useful for phosphor research. In particular, DFT calculations can produce correct chemical trends in emission energy that can be used to assist the search for new materials. 38 As mentioned above, for scintillator research, it is important to calculate the positions of the activator levels relative to the band edges, which determine whether a material can be activated and whether scintillation would be subject to severe thermal quenching. 25, 26 Calculated electronic structures and defect properties also shed light on the efficiency of energy transport and scintillation response. 4, 5 DFT is well positioned to study these issues for better understanding of scintillation mechanisms and for the search of new scintillators.
Scintillation typically involves a transition between two deep activator levels in the host bandgap, e.g., 4f and 5d levels of rare-earth ions (e.g., Ce 3+ and Eu 2+ ) 59, 60 and np and ns levels of ns 2 ions (e.g., Tl + ), [18] [19] [20] each of which traps one type of carrier, either an electron or a hole. However, some other activators insert one level that traps one type of carrier while relying on the self-trapping of the other type of carrier. For example, Tl + in CsI traps electrons on its 6p level while the hole self-traps as a V k center, which migrates to bind with Tl 0 to form a Tl-bound exciton before radiative recombination. 55 Thus, self-trapped and dopant-bound excitons may be explored as scintillation mechanisms, which could be used in scintillators whose band gaps are too small to accommodate two activator levels. The advantage of having a smaller bandgap is the potentially larger number of radiation generated electron-hole pairs and a higher light yield. Materials with electronic structures that enhance the stability of self-trapped and dopant-bound excitons are most suited as exciton based scintillators. Hybrid density functional calculations can give good description of band gaps and charge localization associated with self-trapping. Therefore, hybrid functional calculations can be used to search small-gap scintillators with potentially high light yields activated by self-trapped or dopantbound excitons. 61 Note that LDA and GGA calculations typically fail to describe the localized 3d and 4f states and the charge localization in self-trapped electrons, holes, and excitons due to the self-interaction error. [62] [63] [64] The minimization of the artificial self-interaction often leads to artificial over-delocalization of orbitals. On the other hand, the Hartree-Fock (HF) calculations with exact exchange but no correlation usually overestimate the localization. Typically, band gaps and charge localization energies are overestimated by HF calculations but underestimated by LDA and GGA calculations. The hybrid density functional calculation that includes a fraction of Fock exchange gives a more balanced and more accurate description of the bandgap and the charge localization.
In this paper, DFT studies of various activators in a large number of host materials are reviewed. [73] [74] [75] [76] However, the reactivity with water is a concern for the practical applications of fluorides in LED devices. 21 Oxides are chemically more stable than fluorides but the emission wavelengths of currently known Mn 4+ activated oxides are too far red-shifted for general lighting. Y 2 O 3 :Eu 3+ is a commercial red phosphor used in fluorescent lamps. It has an emission wavelength of 611 nm, which is ideal for human eye sensitivity. However, it is desirable to find alternative materials to rare-earth based ones for the concern of supply disruption of the rare-earth materials. Currently, the shortest Mn 4+ emission wavelengths in fluorides and in oxides are 617 nm (Na 2 SiF 6 ) 76 DFT calculations with Perdew-Burke-Ernzerhof (PBE) 80 type of GGA functionals were used to study the Mn 4+ emission in oxides and fluorides. 38, 39 Many different structural forms, including perovskite, rock salt, pyrochlore, bixbyite, etc., which all have octahedral or dis- torted octahedral sites for Mn doping, were investigated. Since the 2 E g → 4 A 2g emission involves only a spin flip, the Mn 4+ emission energy is calculated by
, [1] where E(1μ B ) and E(3μ B ) are the total energies of structurally relaxed low-spin (1μ B ) and high-spin (3μ B ) states of Mn 4+ as schematically shown in Fig. 3 . E em calculated by Eq. 1 corresponds to the zero phonon line in optical emission spectra.
As mentioned above, DFT is a ground-state single-particle theory, which in principle is incapable of calculating the transition energy between multi-electronic states. Nevertheless, the DFT-PBE method has several advantages, i.e., (1) it provides full structural relaxation and good treatment of Mn-ligand hybridization and that (2) it is an efficient method enabling fast screening of a large number of materials. The variation of the Mn 4+ emission energy in different hosts is caused by the different Mn-ligand hybridization strengths, 12, 13 which can be distinguished by DFT calculations. Therefore, the DFT-PBE method is expected to produce a correct trend in Mn 4+ emission energies in different hosts.
The Mn 4+ emission energies for several oxide and fluoride hosts with known experimental data are calculated using the DFT-PBE method (Fig. 4) . 38 It can be seen that PBE-calculated emission energies are significantly lower than the experimental ones. However, the emission energy trend is reproduced well by the PBE calculations except for the transition from oxides to fluorides. The lack of a jump in the calculated emission energy when transitioning from oxides to fluorides in Fig. 4 is likely due to that the self-interaction error (larger in fluorides than in oxides) in the PBE calculation makes fluorides appear more covalent, which increases the hybridization and lowers the emission energy. The Mn 4+ emission energy trend is described very well by the DFT-PBE method if the ligands in all host materials are the same. The DFT-PBE method can better distinguish the different Mn-ligand hybridization strengths if the variation is caused by different bonding configurations rather than different electronegativities of the ligands. The variation of the Mn 4+ emission energy is smaller in fluorides than in oxides (see Fig. 4 and Ref. 13 ). This is likely because the Mn-F hybridization is generally very weak and its variation in different fluorides is not significant. (1) Many Mn 4+ -activated oxide phosphors (e.g., Y 2 O 3 and most of the pyrochlores in Fig. 6 • . The O-Mn-O bond angle is 90
• in cubic perovskites (e.g., SrTiO 3 , BaSnO 3 ) and in alkali-earth metal oxides of rock-salt structures, and is only slightly distorted from 90
• in orthorhombic perovskites (e.g., <2
• in CaZrO3). In contrast, the deviation of the O-Mn-O bond angles from 90
• is significant in pyrochlores, reaching nearly 9
• in the case of Lu 2 Sn 2 O 7 for instance (see Fig. 6b scintillators. 24 The emission at Ce 3+ and Eu 2+ involves the transition of an electron from the 5d level to the 4f level (see Fig. 7 ). Standard DFT calculations based on LDA and GGA functionals cannot describe the highly localized 4f states correctly. For example, the partially occupied 4f shell of Ce 3+ ion should split, giving rise to an energy gap between the occupied and unoccupied 4f states; but LDA and GGA calculations typically give a metallic solution. Therefore, LDA/GGA+U 25, 26 and hybrid density functional calculations 4, 5 have been used to better treat the 4f levels of Ce and Eu. However, neither LDA/GGA+U nor hybrid density functional calculations have been shown to calculate the 5d-4f emission energy sufficiently accurate for evaluating the suitability of a given phosphor for lighting applications. 4 Examining the positions of the single-particle 4f and 5d levels of Ce and Eu 25, 26 is not a rigorous way to determine the energetics of electron and hole trapping at the 5d and 4f levels, respectively. Nevertheless, it is sufficient to provide an initial screening. To calculate the energetics of electron and hole trapping, one can calculate the charge transition level, 4 which is given by
where E D,q (E D,q ) is the total energy of the supercell that contains the relaxed structure of a defect or dopant at charge state q (q ). If the calculated charge transition levels for both the hole trapping at the 4f level of Ce 3+ and the subsequent electron trapping at the 5d level of Ce 4+ are inside the host bandgap, the radiative recombination at Ce can occur. This approach has been applied to Ce doped elpasolite compounds including Cs 2 LiYCl 6 and Cs 2 AgYCl 6 . 4, 5 Calculating the electron and hole trapping energies at the activator can determine whether a material can be activated by a specific activator. The calculations of the bandgap and the band dispersion of the host compound can further give insight on the potential light yield and energy transport efficiency in a scintillator.
Elpasolites are a large family of quaternary halides 83 with a general chemical formula of A 2 BB'X 6 , where A and B are monovalent cations (such as alkali metal ions), B' is a trivalent ion (such as a rare earth ion), and X is a halogen ion (see Fig. 8 ). The rich chemical composition of elpasolites enables the tuning of electronegativity of the A, B, and B cations to modify the bandgap and the conduction band dispersion. 5 Combining the electronic structure calculations for the host and the carrier trapping energies at the activator is an effective tool to search for scintillators which have band gaps small enough for high light yield while large enough for accommodating activator levels and which have efficient energy transport for fast scintillation. However, accurately calculating the charge transition levels based on hybrid functional calculations is much more time consuming than using the PBE+U method. Figure 9a shows the band structure of Cs 2 LiYCl 6 . The conduction band of Cs 2 LiYCl 6 is made up of Y 4d states (see Figs. 9a and 9b) . Replacing Li by Ag, the PBE0 calculated bandgap is reduced from 7.08 eV 4 for Cs 2 LiYCl 6 to 6.08 eV 5 for Cs 2 AgYCl 6 . The electron and hole trapping at the 5d and the 4f levels of Ce 3+ is energetically favored in both Cs 2 LiYCl 6 and Cs 2 AgYCl 6 according to the PBE0 calculations. 4, 5 However, a smaller bandgap should potentially lead to a higher light yield. In the conduction band of Cs 2 AgYCl 6 , the Ag 5s band overlaps with the Y 4d bands (see Figs. 9c and 9d) . The CBM states of Cs 2 AgYCl 6 are made up of more delocalized Ag 5s states, which should enable faster electron transport than that in Cs 2 LiYCl 6 .
This example shows that the chemical composition of elpasolites can be tuned to optimize the bandgap and the band dispersion for potentially higher light yields and faster scintillation response.
ns 2 Ions as Activators
Besides transition-metal and rare-earth ions, a number of heavy 6p (Tl, Pb, Bi) and 5p (In, Sn, Sb) ions are also important multivalent ions, which act as luminescent centers in many materials. These ions in their ground states all have the outer electronic configuration of ns 2 and are therefore called ns 2 ion. The hybridization between the ns and np states of these ions and the host states can create ns-and npderived electronic states inside the bandgap of the host material. These gap states give rise to sub-band-gap optical transitions. Tl + doped NaI and CsI are two important high-performance scintillators that have been widely used for radiation detection. 2 The 6p→6s transition is responsible for the Tl emission in NaI:Tl + . [18] [19] [20] The emission in CsI:Tl + appear to be related to both the hole polaron (V k center) and the electron trapped at Tl, or Tl-bound exciton. 2, 84, 85 The optical transitions between the ns and np states of a ns 2 ion are usually interpreted and modeled by using Seitz model. 86 The Seitz model is based on a two-electron picture, in which the ground state (ns 2 ) is a singlet 1 S 0 state and the excited states (nsnp) consist of 3 P 0 , 3 P 1 , 3 P 2 triplet states and a 1 P 1 singlet state, as shown in Fig. 10 . Details on the optical transitions in ns 2 ions based on the Seitz model can be found in several review articles. [18] [19] [20] The extensions of the Seitz model based on pure ionic model, 87, 88 molecular orbit (MO) theory, 89, 90 and ab-initio embed cluster method 27, 28 have been used to quantitatively calculate various properties related to the optical transitions (e.g., absorption and emission energies, line shapes, intensity ratio, etc.). The MO 87, 88 and the ab-initio embed cluster 29, 30 calculations showed results in good agreement with the spectroscopic data. DFT calculations have also been performed to study Tl + in alkali halides. 57 DFT as a single-particle ground-state method cannot reproduce the transitions between multielectronic states in optical spectra. However, the calculated absorption and emission energies are in good agreement with the experimental results between the ground state and the lowest excited state. 57, 58 The advantage of DFT calculations is that it gives good description of the host band structure and provides accurate structural relaxation. Whether the specific emission between the nsnp and ns 2 states as described by the Seitz model can occur depends on the positions of the ns and np states relative the host band edges. The knowledge of the electronic structure of both the host and the activator is needed to understand the different scintillation mechanisms observed in different host materials (e.g., NaI:Tl vs. CsI:Tl). Sufficiently accurate structural relaxation is important for incorporating correct hybridization strength between the activator and its ligands in the calculations. The different hybridization strengths in different hosts determine the chemical trend of the activator-induced gap levels relative to the host bands. This is important for the understanding of the luminescence mechanisms in different hosts and for the search of new host-activator combinations with desirable scintillation properties. Figure 11a shows the DOS for NaI:Tl calculated using the PBE functionals. The valence band is predominantly of I-5p character. Both Tl 6s and 6p states hybridize with the I-5p states. The resulting Tl-6s bonding level is below the valence band while the anti-bonding Tl-6s * level is above the VBM as shown in Fig. 11a .
The six Tl-6p * levels are split by the spin-orbit coupling to two lower-and four higher-lying levels. The two lower states are more localized and near the CBM while the four higher states have relatively stronger mixing with the host conduction band states. Hybrid functional calculations show that the lowest Tl-6p * single-particle level is slightly above the CBM by 0. 29 The Tl-I bond length increases from NaI, KI, RbI, CsI (rocksalt), to CsI (simple cubic) as shown in Table I , which corresponds to weaker Tl-I hybridization. From Figs. 11a to 11d , the Tl-6s * level gradually merge with the valence band and the energy separation between the Tl-6s bonding and Tl-6s * antibonding states decreases when the Tl-I bond length increases (weaker hybridization).
CsI has a different crystal structure [simple cubic (SC) CsCl structure] than that of the other alkali metal iodides [rocksalt (RS) NaCl structure]. As a result of the further reduced Tl-I hybridization in CsI:Tl due to longer Tl-I bonds (see Table I ), the Tl-6s
* state resonates with the valence band and disappears from the bandgap, as shown in Fig. 10e . The weak Tl-I hybridization in CsI also lowers the Tl-6p * level, which resides deep inside the bandgap. This is in contrast to NaI:Tl, KI:Tl, and RbI:Tl, where the Tl-6p * level is near the CBM. The Tl-I bond lengths and the I-I distances are shown in Table I for NaI, KI, RbI, and CsI (SC). CsI (SC) has the longest Tl-I bond length and a relatively short I-I distance close to that of NaI. Therefore, CsI (SC) has the weakest Tl-I hybridization and a relatively wide valence band among the alkali halides studied in this work. These explains the disappearance of the Tl-6s * level from the CsI bandgap. The unique electronic structure for CsI:Tl determines that the luminescence mechanism for CsI is different from that of many other alkali halides. The emission from Tl-activated alkali halides is typically of the type of Tl 6p * →6s * transition. But the emission from the CsI:Tl is shown to be involved with the self-trapped hole or the V k center. 2, 82, 83 The hybrid functional calculations show that the electron trapping at the Tl-6p * level (Tl + + e − → Tl 0 ) and the hole self-trapping at a V k center lower the total energy by 1.4 and 0.6 eV, respectively.
Electron paramagnetic resonance experiments showed that the rate of formation of the V k centers is increased orders of magnitudes by the Tl doping in some alkali halides due to electron trapping by Tl + .
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The V k center can migrate and binds with Tl 0 . 82 The emission from CsI:Tl is likely due to Tl-bound excitons. 83 For Tl-doped bromides and chlorides, the valence band is lower, narrower, and closer to the Tl-6s level, compared to Tl-doped iodides. In KCl:Tl + , the hybridization between the Tl-6s state and the Cl 3p states is more confined within the nearest-neighbor halogen ions to Tl. The anti-bonding Tl-6s * state is more localized in Tl-doped chlorides than in iodides because the Cl 3p states are more localized than the I 5p states (narrower valence band). The DOS for KCl:Tl + shows a deep Tl-6s * level inside the bandgap (Fig. 11f) . The results above show that both the hybridization strength between the Tl and its ligands and the ionicity of the host material have strong impact on the positions of the Tl-induced electronic states relative to the band edges. The Tl 6s level is typically below the valence band while the Tl 6p levels are above the valence band. 92, 93 The Tlhalogen hybridization (mainly within the nearest neighbors) produces two antibonding levels, i.e., Tl-6s * and −6p * levels, as schematically shown in Fig. 12 . Strong/weak Tl-halogen hybridization should result in high/lowTl-6s * and Tl-6p * levels relative to the band edges. Hybridization among halogen ions is also important. For instance, strong halogen-halogen hybridization widens the valence band and lower the positions of the Tl-6s * and Tl-6p * levels relative to the VBM. The interplay of the Tl-halogen and halogen-halogen hybridization determines the positions of the Tl-6s * and −6p * levels relative to the band edges. 57 A combination of the strong Tl-halogen and weak halogen-halogen hybridization could result in the scenario depicted in Fig. 12a , where both Tl-6s * and −6p * levels are inside the bandgap and act as hole and electron traps, respectively, leading to radiative recombination. On the other hand, weak Tl-halogen hybridization combined with strong halogen-halogen hybridization may lead to the scenario depicted in Fig. 12b , where only the Tl-6p * level is inside the bandgap to trap electrons. Nevertheless, efficient luminescence is still possible in the scenario of Fig. 12b because the hole can be localized by a small hole polaron bound to the Tl 0 electron trap, leading to efficient radiative recombination. The emissions in NaI:Tl and CsI:Tl can be categorized into the scenarios depicted in Figs. 12a and 12b , respectively. 19 Tl + appears to be most efficient. Others often suffers from slow scintillation decay, strong afterglow, or low quantum yield. 2, 94, 95 Pb 2+ and Bi 3+ are the heaviest ions among the ns 2 ions, enabling strong spin-orbit coupling and more efficient 3 P 1 → 1 S 0 emission. But a large energy separation between the lowest excited state 3 P 0 and the 3 P 1 states can also result from the strong spin-orbit splitting and reduce the electron population on the radiative 3 P 1 state. Many experiments on Pb and Bi activated phosphors and scintillators involve fluoride or oxide-based large-band-gap host materials, 92, 93, [96] [97] [98] [99] which have narrow valence band width and low VBM. 100 This may lead to the electronic structure depicted in Fig. 12a and the emission consistent with the Seitz model, i.e., the 6p * →6s * emission. It is possible that the 6p * →6s * transition at Pb 2+ and Bi
3+
is not efficient due to reasons such as the large energy separation between the 3 P 0 and 3 P 1 levels. However, the efficiency of the 6p * →V k type of emission has not been studied in Pb 2+ and Bi 3+ activated materials. Since the efficiency of the 6p * →V k emission is reasonably good in CsI:Tl, it should be of interest to explore ways to activate the same emission mechanism in Pb 2+ , Bi 3+ , and other ns 2 -ion activated materials. The key to activate such emission mechanism is to have weak activator-anion hybridization and strong anion-anion hybridization as is the case for CsI:Tl. The weak activator-anion hybridization is particularly important for removing the ns * level from the bandgap. This requires the size of the native cation to be large relative to that of the activator ion. For scintillators, a short nearest-neighbor anion-anion distance is also important for fast hole transport toward activators, which enables fast scintillation. Schematic diagram of hybridization between the ns 2 and the halogen ions. In (a), the hybridization between the ns 2 and the halogen ion is relatively strong while the hybridization between the halogen-p states is relatively weak. In (b), the hybridization between the ns 2 and the halogen ion is relatively weak while the hybridization between the halogen-p states is relatively strong (Ref. 57 ).
The light yield of some of the current state-of-the-art scintillators is already close to their respective theoretical limits, which suggests that improving crystal quality may have only limited upside potential on the light yield. Further reducing the bandgap should in principle lead to higher light yield. However, a small bandgap may not be able to accommodate both the electron-and hole-trapping levels of the activator, such as the case for LaI 3 :Ce. 25, 101 Therefore, exploring the np * →V k emission in ns 2 -ion activated small-band-gap materials should be of interest for searching high-light-yield scintillators and phosphors because only the electron trapping level (np * ) of the activator is required to be inside the bandgap.
Self-Trapped and Dopant-Bound Excitons as Activators
The light yield is one of the most important measures of scintillator performance. A higher light yield can potentially lead to better energy resolution of a scintillator. 2 The light yield, which is typically measured in terms of the number of photons per MeV of radiation energy, is given by L= S Q βE g × 10 6 photons/MeV, [3] where E g is the bandgap expressed in eV, Q is the quantum efficiency of the activator, S is the energy transfer efficiency to luminescent centers or activators, which are typically found in scintillators. βE g is the energy needed to create an electron-hole pair. β reflects the fact Figure 13 . A schematic figure of density of states for discrete energy bands in a multinary compound semiconductor.
that only a fraction of the radiation energy is used to excite electronhole pairs. The rest is lost to phonons. β is typically higher in covalent materials (3 to 4) than in ionic materials (1.5 to 2.0) due to the more efficient energy transfer to phonons in covalent materials. 2 For several high-light-yield scintillators, such as SrI 2 , their light yields are already close to their theoretical limits. For example, a light yield of 120000 photons/MeV has been reported for SrI 2 .
102 If one takes the ideal conditions, i.e., SQ = 1 and β = 1.5 in Eq. 3, and uses the 5.2-eV bandgap calculated using the GW method, 103 one gets ∼128000 photons/MeV, only slightly higher than the highest reported light yield of SrI 2 . Therefore, to further increase the light yield, one has to look for materials with smaller band gaps.
Scintillators are usually insulators with large band gaps. The use of lower-gap materials as scintillators have several challenges, e.g., (1) the bandgap is too small to accommodate activator levels, which are needed to trap both electrons and holes; 104 (2) β in Eq. 1 tends to increase with decreasing bandgap.
2 These two problems have largely prevented the practical use of many semiconductors as scintillators.
To counter the above two problems and achieve high light yields in low-gap materials, one may consider materials with a small bandgap and narrow and discrete bands as schematically shown in Fig. 13 . The narrow valence and conduction bands favor the charge localization and may lead to the formation of self-trapped and dopant-bound excitons, which are stable at room temperature. This may result in exciton emission at room temperature. The large energy gaps that split the valence and conduction bands may cause hot carrier luminescence and suppress the hot carrier thermalization. The reduce hot carrier thermalization may lead to enhanced impact ionization and more efficient carrier multiplication. These processes should increase the light yield.
The electronic structure shown in Fig. 13 may be realized in multinary compound semiconductors with large electronegativity difference between either cations or anions for the following reasons. In a multinary compound semiconductor, the electronic states of different cations (anions) mix to form conduction (valence) bands. The lower part of the conduction (valence) band is made up of the electronic states derived from more electronegative cations (anions) while the higher part of the conduction (valence) band is made up of those from less electronegative cations (anions). In principle, the conduction or valence band can even be split (as schematically shown in Fig. 13 ) if there is a large electronegativity difference between different types of cations or anions. Also, in a compound with multiple types of cations (anions), the nearest-neighbor distance in a cation (anion) sublattice can be much longer than that in a binary compound. This should lead to narrower electronic bands, further increasing the energy gaps between the separated conduction or valence bands.
Elpasolites (see Fig. 8 for the structure) exhibit narrow valence and conduction bands and many of them have conduction and valence bands split as found by DFT calculations (see Figs 9 and 14  for examples) . 4, 5, 61 Other examples of similar electronic structures found in elpasolites can be found in Ref. 61 . The PBE0 bandgap of Cs 2 NaInBr 6 is 3.84 eV. Fig. 14 shows the band structure of Cs 2 NaInBr 6 calculated using PBE0 functionals. 61 The PBE0 bandgap of Cs 2 NaInBr 6 is 3.84 eV. The DOS of Cs 2 NaInBr 6 shows that the conduction and valence bands are both split due to the large electronegativity difference between In in width. It is made up of In-5s states hybridized with Br-4p states. The higher conduction band is a wider band with In-5p and Cs/Na states. The In-5s derived conduction band is separated from the Br-4p-derived valence band and the In-5p and Cs/Na dominated higher conduction band by large energy gaps, appearing almost like an isolated impurity band. The narrowness of the In-5s-derived conduction band should be due to the long In-In nearest-neighbor distance (7.85 Å) and the resulting weak In-In hybridization. The valence band of Cs 2 NaInBr 6 is also split. The narrow bands around −5 eV and −3 eV in Fig. 14b are mainly made up of Br-4p states hybridized with In-5s and In-5p states, respectively. The higher valence band is only about 2 eV in width.
The low CBM in Cs 2 NaInBr 6 cannot accommodate the Ce 5d levels within the band gap; therefore, Cs 2 NaInBr 6 cannot be activated by Ce 3+ . However, the very narrow conduction and valence bands of Cs 2 NaInBr 6 (as shown in Fig. 14) can stabilize STEs even at room temperature because narrow bands enhance charge localization. 105 A hole in Cs 2 NaInBr 6 can self-trap to form a V k center with hole binding energy of 0.36 eV, which is large enough to make a hole polaron stable at room temperature (see Fig. 15 ). Further trapping of a free electron at the In ion adjacent to the V k center lowers the total energy by 0.3 eV, resulting in a STE that is stable at room temperature. The total binding energy of a STE relative to a free electron and a free hole is calculated to be 0.67 eV.
The STE emission energy is calculated to be 1.39 eV, which is the total energy difference between the STE and the ground state both at the STE structure. The large calculated STE binding energy suggests that STE emission in Cs 2 NaInBr 6 should be strong even at room temperature. The room temperature STE emission in both undoped and Ce doped Cs 2 LiYCl 6 has been reported. 106, 107 Note that the calculated bandgap of Cs 2 NaInBr 6 (3.84 eV) is much smaller than that of Cs 2 LiYCl 6 (7.08 eV). The large STE binding energy in such a low-gap material as Cs 2 NaInBr 6 should be caused by the narrow discrete conduction band that promotes the electron localization.
Since a free electron can be strongly bound to a small hole polaron, it should also be bound to other localized hole centers. One can introduce a dopant to facilitate the formation of an acceptor-like bound exciton. For example, iodine can be doped into Cs 2 NaInBr 6 to trap holes. A hole can be trapped at an I-induced level with a binding energy of 0.20 eV (Fig. 15) . A free electron can further bind with I + Br and become localized with a binding energy of 0.49 eV (Fig. 15) . The trapping of a free hole and a free electron at I Br forms an I Brbound exciton and lowers the total energy by 0.69 eV. The I-bound exciton emission energy is calculated to be 2.53 eV (490 nm). This is compared to 1.39 eV (893 nm) calculated for a STE. The 490 nm emission wavelength is close to that of CsI:Tl (530 nm). 108 The emission band width of the I Br -bound excitons is expected to be narrower than that of the STEs due to smaller structural distortion and hence less phonon involvement. 61 The scintillation decay time for I Br -bound excitons may be shorter than that for STEs since the stronger spinorbit coupling due to the heavy iodine ions mixes the spin-triplet and -singlet states and thus promotes fast light emission.
The stability of self-trapped and dopant-bound excitons and the emission wavelength can be tuned by alloying (e.g., Cs 2 NaInBr 6-x Cl x ). For example, increasing the Cl concentration in Cs 2 NaInBr 6-x Cl x should increase the ionicity of the material and enhance charge localization, leading to more stable excitons. Also, the bandgap should increase with the Cl concentration, thereby, shortening the exciton emission wavelength and reducing the number of excitons created by radiation. Thus, alloying may be used for reducing thermal quenching of exciton emission and for tuning the exciton emission wavelength to better couple with the sensitivity of the photodetector. However, the light yield may be reduced if the bandgap is increased by alloying.
The narrow discrete conduction and valence bands not only promote exciton-based luminescence at room temperature, but also create phonon bottlenecks (electronic energy gaps much larger than phonon energies), which prevent efficient transfer of energy from hot carriers to phonons. [109] [110] [111] If hot carrier thermalization is slowed, other competing processes, such as impact ionization (which is usually considered inefficient in bulk semiconductors due to fast carrier thermalization in continuous energy bands), may take place more efficiently. Taking Cs 2 NaInBr 6 as an example, a hole in the narrow band that is more than 4 eV below the VBM (see Fig. 14a ) can relax to the VBM. The released energy can be transferred to an electron in the valence band, promoting it to the conduction band (which requires energy more than the bandgap energy of 3.84 eV). The energy and momentum conservation can be satisfied in this process. The reduced hot carrier thermalization and the enhanced impact ionization should lower β in Eq. 3, leading to higher light yield.
In Cs 2 NaInBr 6 , the lower conduction band is derived from In-5s states and the higher conduction band has a significant In-5p component (see Fig. 3b ). This may lead to In 5p→5s emission (interconduction-band luminescence). Such hot carrier luminescence can also contribute to the total light yield. The positions of the 4f and 5d levels of Ce 3+ and Eu 2+ relative to their host band edges are determined using PBE+U calculations. These results are used to examine whether the electrons and holes can be trapped by Ce 3+ and Eu 2+ , which is a prerequisite for scintillation. New Ce 3+ and Eu 2+ activated materials have been proposed based on calculations and have subsequently been synthesized and found to be bright scintillators. PBE0 hybrid functional calculations are used to rigorously calculate the electron and hole trapping energies at the 5d and the 4f levels of Ce 3+ in elpasolites, which, in combination of the electronic structure calculations of host compounds, are used to search new materials which have band gaps small enough for high light yield while large enough for accommodating the activator levels and which have large band dispersion for efficient energy transport.
Conclusions
DFT calculations of a series of Tl activated alkali halides, i.e., NaI, KI, RbI, and CsI, reveal that the hybridization strength between the ns 2 ion and its ligands and the ionicity of the host material both play important role in determining the scintillation mechanism (6p * →6s * or 6p * →V k emission) in ns 2 ion activated scintillators. This insight can be useful for the search and design of new combinations of the host material and the ns 2 ion, which exhibit efficient 6p * →V k emission. The 6p * →V k emission requires the activator to insert only one level in the host bandgap, which is useful for designing low-gap scintillators with high light yields.
PBE0 hybrid functional calculations show that the conduction and valence bands of a multinary semiconductor/insulator can be split to narrow discrete bands by a combination of large electronegativity difference among cations or anions and large nearest-neighbor distances in cation or anion sublattices. Based on calculated polaron and exciton binding energies for Cs 2 NaInBr 6 , it is found that the narrow conduction and valence bands promote the self-trapping of electrons and holes, which enhances the stabilization of self-trapped and dopantbound excitons at room temperature. The exceptional stability of excitons provides an approach to activate exciton-based room-temperature light emission for low-gap scintillators. Furthermore, discrete bands with large energy separations (large phonon bottlenecks) in a scintillator should further suppress the hot carrier thermalization and may lead to more efficient impact ionization and higher light yield.
Although DFT cannot predict the transitions between multielectronic states in optical spectra, it can be efficiently applied to a large number of materials to obtain trends and insights that are useful for the search of new materials. DFT calculations of various activators (ranging from transition metal ions, rare-earth ions, ns 2 ions, to selftrapped and dopant-bound excitons) shown in this paper demonstrate that DFT is a powerful tool in phosphor and scintillator research.
